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Epigenetic modifications of chromatin represent a fundamental
mechanism by which eukaryotic cells adapt their transcriptional
response to developmental and environmental cues. Although an
increasing number of molecules have been linked to epigenetic
changes, the intracellular pathways that lead to their activation/
repression have just begun to be characterized. Here, we demon-
strate that inositol hexakisphosphate kinase 1 (IP6K1), the enzyme
responsible for the synthesis of the high-energy inositol pyrophos-
phates (IP7), is associated with chromatin and interacts with
Jumonji domain containing 2C (JMJD2C), a recently identified his-
tone lysine demethylase. Reducing IP6K1 levels by RNAi or using
mouse embryonic fibroblasts derived from ip6k1−/− knockout mice
results in a decreased IP7 concentration that epigenetically trans-
lates to reduced levels of trimethyl-histone H3 lysine 9 (H3K9me3)
and increased levels of acetyl-H3K9. Conversely, expression of IP6K1
induces JMJD2C dissociation from chromatin and increases H3K9me3
levels, which depend on IP6K1 catalytic activity. Importantly, these
effects lead to changes in JMJD2C-target gene transcription. Our
findings demonstrate that inositol pyrophosphate signaling influen-
ces nuclear functions by regulating histone modifications.
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Epigenetic modifications of histones are emerging as a cen-
tral mechanism that controls nuclear functions, transducing

changes in cell physiology to transcriptional reprogramming (1).
Histones are subjected to numerous reversible posttranslational
modifications, including acetylation, phosphorylation, methyla-
tion, ubiquitylation, ADP ribosylation, and sumoylation (2).
Histone methylation has been associated with transcriptional
control, mRNA splicing, DNA repair, and replication (3). Re-
cently two families of histone demethylase enzymes have been
identified in mammalian cells, lysine-specific demethylase 1 and
the Jumonji-C domain-containing proteins (4, 5). The Jumonji-C
histone demethylase family member, Jumonji domain-containing
2C (JMJD2C), removes trimethyl groups from lysines 9 and 36
of histone H3 by an oxidative reaction that requires iron and
α-ketoglutarate as cofactors (6). Knockdown of JMJD2C de-
creased proliferation of tumor cells, whereas its expression in
mammary epithelial cells induced a transformed phenotype (6, 7).
JMJD2C is also an important mediator of embryonic stem-cell
self-renewal via positive regulation of the key transcription factor
Nanog (8).
Inositol pyrophosphates, including diphosphoinositol penta-

kisphosphate or PP-IP5 (IP7), belong to a specific class of inositol
polyphosphates that undergo very rapid turnover (9, 10). They
possess highly energetic pyrophosphate moieties that participate
in phosphotransfer reactions (11, 12). Inositol pyrophosphates
regulate many diverse cellular events (for review, see refs. 13–15)
and this is likely to reflect their ability to control a very basic
cellular function. In fact, recent discoveries indicate inositol
pyrophosphates are master regulators of cell metabolism by
controlling the balance between glycolysis and mitochondrial
oxidative phosphorylation and thus ATP production (16), likely
affecting cellular phosphate homeostasis (17, 18). This metabolic
regulation is corroborated by the ability of inositol pyrophosphates

to regulate insulin signaling (19) and accumulation of fat observed
in ip6k1−/− mice (20). In mammalian cells, two classes of enzymes
synthesize inositol pyrophosphates: the inositol hexakisphosphate
kinases (IP6Ks), which are able to phosphorylate the inositol ring
at position five, generating the isomer 5PP-IP5 of IP7 (21), and
the VIP1 (PP-IP5K) family of enzymes, able to generate the
1PP-IP5 isomer of IP7 (22). Three IP6K isoforms exist in the
mammalian genome (23).
To further characterize the intracellular processes regulated

by mammalian IP6K1, we performed a yeast-two hybrid screen
and identified JMJD2C as its interacting partner. The finding
that the production of IP7 by IP6K1 affects JMJD2C function-
ality reveals a unique and critical role for inositol pyrophos-
phates in regulating mammalian epigenetic modifications.

Results
IP6K1 Interacts with JMJD2C. We performed a yeast two-hybrid
screen using the IP6K1 N-terminal variable region as bait (amino
acids 75–206), which we called the “Diff” region (Fig. S1). A
number of proteins that regulate nuclear signaling and gene
expression were identified, including the C-terminal region
(amino acids 846–1,054) of the histone demethylase JMJD2C.
Interestingly, this region specifically interacted with IP6K1
(Diff1), but not with the homologous region of IP6K2 (Diff2)
(Fig. 1A). To test whether JMJD2C interacted with IP6K1
in mammalian cells, HEK293T cells were transfected with
JMJD2C-Flag and both GST-Diff1 and full-length GST-IP6K1,
and GST pull-down experiments were performed (Fig. 1B). We
observed a robust interaction of JMJD2C-Flag and GST-IP6K1.
To assess the interaction of endogenous IP6K1 with JMJD2C, we
generated an IP6K1 antibody, which specifically recognizes IP6K1
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in WT but not in knockout (ip6k1−/−) mouse brain extracts (24)
(Fig. S2 A and B). Although in mouse embryonic fibroblasts
(MEFs) the level of IP6K1 is below detection level by Western
blot analysis, the antibody worked well in immunoprecipitation
assays revealing a band at the expected molecular size of IP6K1
in WT but not in ip6k1−/− MEF extracts (Fig. S2C). Importantly,
our IP6K1 antibody was also capable of coimmunoprecipitating
both Flag-JMJD2C (Fig. 1C) and the endogenous JMJD2C
protein (Fig. 1D). We next investigated whether IP6K1 directly
interacted with JMJD2C by performing pull-down experiments
in vitro using recombinant, bacterial-expressed proteins (Fig. 1E).
Purified GST-JMJD2C (amino acids 847–1,056) pulled down both
His-Diff1 and full-length His-IP6K1, and their interaction in vitro
was not affected by IP6 or IP7.

IP6K1 Is Associated with Chromatin. JMJD2C is a histone deme-
thylase that is mostly localized in the nucleus (6). Because nei-
ther the IP6K1 antibody nor the commercially available JMJD2C
antibodies are suitable for immunohistochemistry analysis, we
characterized IP6K1 intracellular localization by expressing
GFP-IP6K1 and JMJD2C-Flag in mammalian cells, with both
proteins specifically detected in the nucleus of HeLa cells (Fig.
S3). To address the localization of endogenous IP6K1 in more
detail, subcellular fractionation experiments were performed.
Nuclear partition into nucleoplasmic and chromatin fractions

revealed the presence of endogenous IP6K1 in both compart-
ments, demonstrating that IP6K1 is found in association with
chromatin (Fig. 2A). Coimmunoprecipitation experiments per-
formed on lysates of MEFs treated with DNase showed that
histone H3 coimmunoprecipitated with IP6K1 in wild-type
MEFs, but not in MEFs obtained from ip6k1−/− mice (24)
(Fig. 2B). IP6K1 also coimmunoprecipitated trimethyl-H3K9
(H3K9me3), a methylated histone substrate of JMJD2C (Fig.
2C), but failed to coimmunoprecipitate trimethyl-H3K36
(H3K36me3) (Fig. S4) a second methylated histone substrate
of JMJD2C. These data suggest that IP6K1 is able to associate
specifically with H3K9me3-containing chromatin regions to
which JMJD2C is targeted. To further characterize the inter-
action of IP6K1 with chromatin, we performed in vitro binding
assays of IP6K1 and found that (Fig. 2D) IP6K1 directly interacts
with histone H3, providing a mechanism for the recruitment of
IP6K1 to chromatin.

Inositol Pyrophosphate Regulates H3K9me3 Levels. The H3K9me3
modification, removed by JMJD2C, is an epigenetic mark asso-
ciated with euchromatic transcriptional silencing and hetero-
chromatin formation (2, 25). To test whether the interaction of
IP6K1 with JMJD2C induced epigenetic changes, we assessed
the global levels of H3K9me3 in cells lacking IP6K1. Somewhat
surprisingly, in MEFs obtained from ip6k1−/− mice, we detected
a markedly reduced level of global H3K9me3, compared with
wild-type MEFs, whereas total histone H3 levels remained un-
changed (Fig. 3A). Expression of GST-IP6K1 in ip6k1−/− cells
restored H3K9me3 to wild-type levels. Furthermore, expres-
sion of GST-IP6K1 in wild-type MEFs caused an additional in-
crease of H3K9me3 levels (Fig. 3A). Histone posttranslational
modifications mostly occur in clusters located within histone
N-terminal tails. Lysine 9 and serine 10 of histone H3 represent
one of the “hot spots” for posttranslational modifications. In tran-
scriptionally active genes, acetylation of H3 on lysine 9 correlates
with serine 10 phosphorylation (2), opposing lysine 9 methylation
and thereby acting as a “binary switch” of transcriptional regu-
lation (26). We next tested whether the levels of these mod-
ifications were also altered in cells lacking IP6K1. Consistently,
global levels of acteyl-H3K9 were dramatically increased in
ip6k1−/− MEFs, compared with wild-type cells (Fig. 3A). This
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effect was partially rescued by expressing GST-IP6K1 in ip6k1−/−

MEFs. Similarly, increased levels of phospho-H3S10 were
detected in ip6k1−/− MEFs compared with wild type, and normal
phospho-H3S10 levels were recovered by expressing GST-IP6K1.
To further confirm these findings, immunofluorescence studies
were performed. A highly significant (29 ± 3%) decrease in the
level of staining of H3K9me3 was observed in ip6k1−/− MEFs,
compared with the wild-type cells (Fig. 3B). Interestingly, H3K9me3
nuclear staining appeared more diffuse in ip6k1−/− MEFs, as
shown by the dramatic decrease (68 ± 3%) of H3K9me3 from
DAPI-dense heterochromatin foci (Fig. 3B). Taken together
these findings demonstrate that IP6K1 exerts a dramatic effect

on chromatin modifications, particularly at the K9/S10 binary
switch, via an inhibitory effect on the histone demethylase
JMJD2C.
In addition to H3K9me3, JMJD2C also demethylates tri-

methyl-H3 lysine 36 (H3K36me3), an epigenetic mark associated
with transcriptional elongation (27). In contrast to H3K9me3, in
ip6k1−/− MEFs H3K36me3 levels were not altered (Fig. 3C).
Similarly, when GST-IP6K1 was expressed in HEK293T cells,
H3K36me3 levels remained unchanged (Fig. 3D). The apparent
inability of IP6K1 to alter H3K36me3 levels likely reflects the
absence of localization of this kinase at the H3K36me3 chro-
matin loci (Fig. S4) and thus lack of local inositol pyrophosphate
synthesis. Because the conserved tandem Tudor domains of the
closely related demethylase JMJD2A were reported to bind both
H3K4me3 and H4K20me3 (28), we tested H3K4me3 and
H4K20me3 levels in ip6k1−/− MEFs. No difference between
wild-type and ip6k1−/− MEFs was observed. Thus, IP6K1 asso-
ciates with and regulates the specific state of posttranslational
modifications at the K9/S10 hot spot of histone H3, rather than
affecting histone methylation in general.
We next investigated whether IP6K1-mediated epigenetic

changes depended on IP6K1 enzymatic activity. GST-IP6K1 was
expressed in HEK293T cells, and H3K9me3 levels were assessed
(Fig. 3E). As expected, expression of wild-type GST-IP6K1
increased global levels of H3K9me3 by more than twofold,
compared with cells expressing empty vector controls, further
demonstrating that IP6K1 regulates H3K9me3 levels (Fig. 3E
and Fig. S5). Importantly, in cells transfected with a catalytically
inactive form of IP6K1 (DF/AA) (29), the levels of H3K9me3
remained unchanged (Fig. 3E and Fig. S4). Moreover, similarly
to the HEK293T cells, in the ip6k1−/− MEFs transfected with the
catalytically inactive form of IP6K1 (DF/AA), the levels of
H3K9me3 remained unchanged (Fig. S6). In contrast, increased
levels of H4K9me3 were observed when cells were transfected
with catalytically active IP6K1 (Fig. S6). Furthermore, reduced
levels of H3K9me3 were also observed in HEK293T cells trans-
fected with two specific shRNAs that targeted IP6K1 (Fig. 3F).
These data suggest that the inositol pyrophosphate synthesis

catalyzed by IP6K1 is necessary to mediate the increase in his-
tone H3 methylation. Alternatively, IP6K1 might directly affect
the phosphorylation status of either histone H3 or JMJD2C,
thereby changing its activity. To test this hypothesis we incubated
IP6K1 with either histone H3, JMJD2C, or IP6, as substrates
(Fig. S7). Although we observed a robust phosphorylation of IP6
to IP7, no transfer of phosphate to the two protein substrates was
detected (Fig. S7).
Because the catalytic activity of IP6K1 was required to mediate

the increased global H3K9me3 levels, we investigated the nature
of the inositol pyrophosphate species that regulate JMJD2C-
dependent histone demethylation. IP6Ks enzymes synthesize 5PP-
IP5, whereas the PP-IP5Ks enzymes phosphorylate the 1 positions
of IP6 to generate the isomer 1PP-IP5 of IP7 and 1,5(PP)2-IP4 (IP8)
(22). The expression of Myc-PP-IP5K1 in HEK293T cells in-
creased IP8 levels (Fig. S8 A and B) without affecting the level
of H3K9me3 (Fig. S8C). These results indicate that it is the
5PP-IP5 isomer of IP7 synthesized by IP6K1 that specifically
regulates H3K9 methylation.

Inositol Pyrophosphates Regulate JMJD2C Chromatin Association.We
next tested whether 5PP-IP5 influences histone H3 modifications
in a JMJD2C-dependent manner. The effect of IP6K1 over-
expression on H3K9 methylation was assessed in cells depleted
of JMJD2C. HEK293T cells were transfected with two distinct
siRNAs specific to JMJD2C, and knockdown of JMJD2C pro-
tein levels was confirmed by Western blot analysis (Fig. 4A).
Cells with low levels of JMJD2C showed an increase of global
H3K9me3, and this effect was rescued by expressing a mouse
JMJD2C cDNA that was not targeted by the siRNAs (Fig. 4A).
Importantly, when catalytically active IP6K1 was expressed in
cells with reduced levels of JMJD2C, we did not observe any
further increase of H3K9me3 levels over cells expressing inactive
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IP6K1 (Fig. 4B, compare lanes 5 and 6 to 7 and 8), an activity-
dependent k9me3 increase normally observed (Fig. 4B, compare
lanes 1 and 2 to 3 and 4; see also Fig. 3E and Fig. S5). This effect
was quantified across four independent experiments, demon-
strating that the increased H3K9me3 levels observed after
expression of catalytically active IP6K1 were dependent on the
presence of JMJD2C (Fig. 4C). Taken together, these results
show that the IP6K1-dependent increase of H3K9me3 is medi-
ated via inhibition of JMJD2C and through the synthesis of IP7.
It should be noted, however, that addition of either 5PP-IP5 or
1/3PP-IP5 (both isomers of IP7) did not change JMJD2C deme-
thylase activity, when assayed in vitro using the purified catalytic
domain of JMJD2C (12–349) (30) (Fig. S9), thereby suggesting
that the effect of inositol pyrophosphates on JMJD2C is not
mediated by a direct inhibition of its demethylase activity.
We next addressed how inositol pyrophosphates regulate

JMJD2C demethylase activity. Although neither JMJD2C nor
histones themselves are targets of IP7-mediated pyrophosphor-
ylation, we observed a number of chromatin-associated proteins
that appeared to be its bona fide substrates (Fig. S10). It is
possible that IP7-dependent pyrophosphorylation regulates the
assembly and/or stability of multiprotein complexes associated
with chromatin, thereby influencing JMJD2C recruitment and
consequently its demethylase activity. To test whether IP6K1
affects the association of JMJD2C with chromatin, nuclear
fractionation experiments were performed in HEK293T cells
expressing either GST alone or GST-IP6K1 and JMJD2C-Flag.
Both IP6K1 and JMJD2Cwere clearly detectable in the chro-
matin fraction, as expected (Fig. 4D). In contrast, JMJD2C more
readily dissociated from the chromatin of cells transfected with
IP6K1 (Fig. 4 D and E). To test whether JMJD2C chromatin
association depends on IP7 synthesis or it is mediated via a steric
effect, nuclear fractionation experiments were performed in cells
expressing either GST-IP6K1 or IP6K1 DF/AA. There was a
stronger dissociation of JMJD2C from the chromatin in cells
transfected with the active IP6K1 (Fig. S11), confirming that
JMJD2C chromatin association depends on IP6K1 catalytic
activity. These results are in agreement with the IP6K1 activity-
dependent influence toward the levels of histone H3K9 tri-
methylation. The observed decreased level of active IP6K1
chromatin association (Fig. S11) is coherent with a model
involving an IP7-dependent dissociation of the entire IP6K1-
JMJD2C complex.

Inositol Pyrophosphates Regulate JMJD2C-Dependent Transcription.
To test whether IP6K1 and IP7 regulate epigenetic changes at
JMJD2C-dependent promoters, we performed chromatin im-
munoprecipitation assays (ChIPs). The Mdm2 oncogene was
analyzed, as the promoter of this gene has been shown to be
directly bound by and its expression up-regulated by JMJD2C
demethylase activity (31). IP6K1 was also observed on the Mdm2
P2 promoter in MEFs obtained from wild-type mice (Fig. 5A). In
agreement with our Western blot and fractionation analyses, in
MEFs isolated from ip6k1−/− mice, levels of H3K9me3 on the
Mdm2 P2 promoter were lower, whereas levels of JMJD2C were
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Fig. 4. Inositol pyrophosphates regulate histone modifications through
JMJD2C chromatin association. (A) JMJD2C protein levels were reduced in
human HEK293T cells with two different specific siRNAs for 96 h. Mus
musculus (Mm) JMJD2C was expressed 16 h before cells were lysated and
immunoblotting performed. (B) The effect of IP6K1 kinase activity on
H3K9me3 levels depends on JMJD2C. Cells were transfected with JMJD2C
siRNAs as above and subsequently transfected either with GST-IP6K1 or GST-
IP6K1 DF/AA, 16 h before analysis. Total proteins were extracted, separated
by SDS/PAGE, and blots were probed with the indicated antibodies.

Experiments were performed two times in duplicate. The increase in
H3K9me3 levels relative to total histone H3 observed between lanes 3 and
4 over lanes 1 and 2 is no longer apparent in the context of JMJD2C knock-
down, now comparing lanes 7 and 8 to lanes 5 and 6. (C ) Quantitative
analysis of histone H3K9me3 levels normalized to total histone H3. Average ±
SEM of the four experiments is shown. The Mann–Whitney u test was used
to determine statistical significance. (D) IP6K1 induces dissociation of
JMJD2C from chromatin. HEK293T cells were transfected with either empty
GST or GST-IP6K1 and JMJD2C-Flag, and nuclear extracts were separated into
chromatin or nucleoplasmic fractions. Western blot analyses were per-
formed with anti-Flag, anti-GST, anti-histone H3, and anti-actin antibodies.
(E) Quantitative analysis of JMJD2C levels normalized to actin or histone H3
for nucleoplasm or chromatin, respectively. NS, nonsignificant. Average ± SD
of two experiments both run in duplicate is shown. The Mann–Whitney
u test was used to determine statistical significance.
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higher, compared with WT cells (Fig. 5A). Furthermore, phos-
pho-H3S10 and acetyl-H3K9 levels around Mdm2 P2 promoter
were significantly higher in ip6k1−/− MEFs, compared with WT
MEFs. As a control, the binding of JMJD2C and IP6K1 to the
Mdm2 P1 promoter was tested. As previously reported (31)
JMJD2C does not bind the Mdm2 P1 promoter (Fig. 5A) and
extremely low levels of IP6K1 were also detected on the P1
promoter in WT MEFs (Fig. 5A). Importantly, in ip6k1−/−

MEFs, the low levels of H3K9me3 and high H3K9ac observed
around the Mdm2 P2 promoter correlated with increased tran-
scription of Mdm2 exon 2 (Fig. 5B). To further substantiate the
hypothesis that IP6K1 plays a key role in regulating JMJD2C-
dependent transcription, the expression levels of genes known to
be controlled by JMJD2C were analyzed in mouse embryonic
stem cells (8). In ES cells, both knockdown and overexpres-
sion of IP6K1 induced significant changes in both Nanog and
Sox2 expression (Fig. 5 C and D). Moreover, overexpression of
IP6K1 up-regulated basal levels of Cdx2 48 h posttransfection
(Fig. 5D).

Discussion
We have identified a distinctive functional link between inositol
phosphate intracellular signaling and the regulation of histone
modifications at the functionally important residue lysine 9 of
histone H3. The regulation of the histone demethylase JMJD2C
association with chromatin by IP6K1 via the production of the
5PP-IP5 isomer of IP7 introduces a unique scenario for inositol
pyrophosphate signaling, indicating that these high-energy mol-
ecules play a fundamental role in mediating mammalian nuclear
processes. Indeed the direct binding of IP6K1 to chromatin, and
the regulation of expression of a variety of JMJD2C-dependent
genes including both Mdm2 and a number of crucial transcrip-
tion factors in embryonic stem cells, highlights the important
functional role of IP6K1 and inositol pyrophosphates in con-
trolling gene expression. Several mitochondrial metabolites like
ATP, α-ketoglutarate, or acetyl-CoA play a key role in regulating
epigenetic changes because these metabolites are cofactors for
several epigenetic modifier enzymes (32, 33). Jumonji-C histone
demethylases require α-ketoglutarate to perform their deme-
thylase activity. Inositol pyrophosphates are able to control cel-
lular energetic metabolism by regulating mitochondrial physiology
(16) and are likely to affect the cellular levels of the metabolites
required by the epigenetic modifier enzymes. Thus, inositol pyro-
phosphates may control the epigenetic program at an additional

level besides regulating JMJD2C association to chromatin as we
have demonstrated in the current work.
Interestingly IP6K1 does not affect trimethylation of lysine 36

of histone H3, a second substrate of JMJD2C demethylase ac-
tivity. Absence of IP6K1 association with H3K36me3-containing
chromatin regions, and thus the lack of local inositol pyrophos-
phates synthesis, explains the inability of IP7 to regulate JMJD2C
activity at these loci. Our data are in agreement with a previous
report observing a differential regulation of H3K9me3 versus
H3K36me3 by JMJD2C in regulating hypoxia-inducible factor
1 (HIF-1)-controlled transcription (34).
Inositol pyrophosphates may act in concert with phosphoino-

sitide lipids, which are emerging as important regulators of nu-
clear signaling (35, 36). The presence of two plant homeodomain
(PHD) finger domains in the JMJD2C sequence suggest that this
protein might interact with phosphoinositides. The binding of
phosphoinositides to PHD finger-domain–containing proteins in
the nucleus has been proposed to regulate subnuclear localiza-
tion of these proteins (37).
The region of JMJD2C found to interact with IP6K1 contains

tandem TUDOR domains, which have been implicated in pro-
tein–protein interactions with methylated protein substrates.
Indeed, the tandem TUDOR domains of the closely related
histone demethylase JMJD2A have been shown to bind
H3K4me3 and H4K20me3. If, as it is likely, the highly conserved
TUDOR domains of JMJD2C also mediate binding to these
or other histone methylation marks, it is noteworthy that the
binding site of IP6K1 is also located within this region of
JMJD2C. However, the inhibitory effect of IP6K1 on the chro-
matin association of JMJD2C is unlikely to be due to a direct
steric obstruction as it is clearly dependent on the catalytic ac-
tivity of IP6K1. It is likely that the inhibitory effect of inositol
pyrophosphates on the binding of JMJD2C to chromatin is de-
pendent on the native chromatin environment and the multi-
protein complexes also found at these sites.
Histone demethylases are dynamic regulators of chromatin

epigenetic status and their activity has been linked to numerous
cellular processes (38). The methylation state of H3K9 correlates
with the affinity for heterochromatic proteins that influence chro-
mosomal organization and stability (39). JMJD2C has been shown
to regulate tumorigenesis (6, 7), embryonic stem-cell self-renewal
(8), and androgen receptor-dependent gene expression (30). The
role of IP6K1 in regulating expression of JMJD2C-target genes
implicates both this enzyme and inositol pyrophosphates in the
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same processes. In particular, the effect of IP6K1 on the ex-
pression of genes important for embryonic stem-cell self-renewal
uncovers a unique, yet unexplored function for inositol pyrophos-
phate signaling.
Mice lacking IP6K1 are significantly smaller than wild type,

indicating a possible developmental defect, and male mice
lacking IP6K1 are sterile due to defects in spermatogenesis (27),
a process in which histone epigenetic modifications play a crucial
role (40). Interestingly, disruption of the H3K9me3 histone
methyltransferases SUV39H1 and -2 in mice also results in se-
vere hypogonadism and spermatogenesis defects as well as ab-
normal heterochromatin formation (41). Our discovery that
IP6K1 is an endogenous regulator of JMJD2C and H3K9 meth-
ylation strongly suggests that inositol pyrophosphates play an
important role in regulating the epigenetic modifications as-
sociated with these processes.

Materials and Methods
RNA Extraction, cDNA Synthesis, and Quantitative PCR Analysis of Gene
Expression Levels in Embryonic Stem Cells and MEFs. RNA was extracted us-
ing the NucleoSpin RNA II kit (Macherey-Nagel) according to the manu-
facturer’s instructions. cDNA synthesis was performed using the M-MLV
Reverse Transcriptase kit (Invitrogen) according to the manufacturer’s
instructions. Relative cDNA content was analyzed using 1× Sybr Green PCR
mix, 200 nM of primers, and 100 ng of cDNA in a 20-μL reaction on a Roche
LightCycler 480 system. For experiments performed with MEFs, normaliza-
tion was performed using the Ambion Quantitation RNA Universal 18S kit.
Primers and detailed RT-PCR conditions are available upon request.

Chromatin Binding and Chromatin Immunoprecipitation. The procedure for the
chromatin binding experiments was adapted from (42). Briefly, cells were
suspended in a solution containing 50 mM Tris·HCl (pH 7.5), 0.5% Triton
X-100, 300 mM NaCl, 60 mM MgCl2, 10 mM CaCl2, and DNase I (167 units·mL−1;
Roche) to solubilize histone H3 from the chromatin, and incubated at 30 °C
for 50 min. Samples were sonicated 3 × 5 s at setting 1.5 on a Branson
Sonifier 450 (Branson Ultrasonics Co.) and cleared by centrifugation at
15,000 × g for 10 min. The supernatants were diluted 1:2 with H2O and
added to the equilibrated glutathione or protein A or G Sepharose beads
and GST pull-down or immunoprecipitations proceeded as described above.
ChIP assay was performed as previously described with minor modifications
(43). Primer sequences and PCR conditions are available upon request.

Quantitative PCR (25 μL) contained 12.5 μL of PCR Sybr Green mix (NEB)
and 0.3 mM primers. All reactions were performed in duplicate on an
Opticon 2 system (MJ Research) and each experiment included a standard
curve, a preimmune control, and a no-template control. Standard templates
consisted of gel-purified PCR products of Mdmd2 P1 and P2 promoter
amplicons of known concentration and each standard curve consisted of
eight serial dilutions of template. At the end of 46 cycles of amplification,
a dissociation curve was performed in which Sybr Green was measured at
1 °C intervals between 50 °C and 100 °C. Melting temperatures for Mdmd2
P1 and P2 were 79 °C and 87 °C, respectively. Results were expressed as
percentage of total input.

A full description of the methods used in this study can be found in SI
Materials and Methods.
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